The lignification process in poplar tension wood lignified cell wall layers, specifically the S 1 and S 2 layers and the compound middle lamella (CML), was analysed using ultraviolet (UV) and transmission electron microscopy (TEM). Variations in the thickness of the gelatinous layer (G-layer) were also measured to clarify whether the lignified cell wall layers had completed their lignification before the deposition of G-layers, or, on the contrary, if lignification of these layers was still active during G-layer formation. Observations using UV microscopy and TEM indicated that both UV absorbance and the degree of potassium permanganate staining increased in the CML and S 1 and S 2 layers during G-layer formation, suggesting that the lignification of these lignified layers is still in progress during G-layer formation. In the context of the cell-autonomous monolignol synthesis hypothesis, our observations suggest that monolignols must go through the developing G-layer during the lignification of CML and the S 1 and S 2 layers. The alternative hypothesis of external synthesis (in the rays) does not require that monolignols go through the G-layer before being deposited in the CML, or the S 1 and S 2 layers. Interestingly, the previous observation of lignin in the poplar G-layer was not confirmed with the microscopy techniques used in the present study.
Introduction
In response to a mechanical stress, trees produce peculiar wood named reaction wood that is composed of specialized xylem cells. In gymnosperm trees, the reaction wood is named compression wood and develops at the lower side of leaning stems and branches, whereas in angiosperm trees, it is called tension wood and occurs at the upper side (Pilate et al. 2004) . Wood fibres of tension wood in most temperate tree species can be characterized by the presence of a gelatinous layer (G-layer) (Onaka 1949, Fisher and Stevenson 1981) , which is rich in highly oriented cellulose microfibrils and contains little to no lignin. The cell wall organization of gelatinous fibres in tension wood is classified into three types: (i) S 1 + G, (ii) S 1 + S 2 + G and (iii) S 1 + S 2 + S 3 + G (Wardrop and Dadswell 1955, Saiki and Ono 1971) . In Populus euramericana Guinier, the cell wall organization of gelatinous fibres was reported to be the S 1 + S 2 + G type (Araki et al. 1982) . In tension wood fibres with G-layers, it has been reported that S 2 layers in tension wood fibres are more highly lignified than those in normal wood fibres (Bentum et al. 1969) . Scurfield and Wardrop (1963) observed the lignification of tension wood in several tree species using ultraviolet (UV) microscopy and tissue staining. Scurfield (1967) observed the lignification process in Eucalyptus globulus Labill. using transmission electron microscopy (TEM) with potassium permanganate (KMnO 4 ) staining and reported the presence of G-layers containing micropores. Scurfield (1972) performed histochemical tests on the reaction wood cell walls, including the transitional regions between normal and reaction wood, in the stems of Eucalyptus spp. and Tristania conferta R. Br.; the author discussed the heterogeneity of the G-layer in relation to the penetration of G-layers by lignin precursors of extracellular origin, and also the possible release of phenolic substances from the protoplasts of living reaction wood and ray and xylem parenchyma cells. Furthermore, Scurfield (1973) suggested that the inability (or much reduced ability) of G-layers to lignify is due to either a dearth of lignin precursors or their restricted access to the G-layers. Xu et al. (2006) recently examined the distribution of lignin in Salix gordejecii tension wood and reported a similar lignin distribution for tension wood and normal wood in the compound middle lamella (CML) and the S 1 and S 2 layers. However, these authors did not discuss the timing between the lignification of the CML, S 1 and S 2 layers, and the G-layer formation. Indeed, if lignification of the CML, S 1 and S 2 layers finishes before the deposition of G-layers, a very rapid lignification over a short time period is required. In contrast, if the lignification of these layers is still in progress during the formation of the G-layer, monolignol transport across the developing G-layers (in the case of cell-autonomous monolignol biosynthesis) would be required. Alternatively, living ray or axial parenchyma cells may be involved in the synthesis and transport of monolignols. We cannot rule out that the two mechanisms may act together or one after the other. Pilate et al. (2004) reviewed lignification during tension wood formation and speculated on its potential roles in the peculiar mechanical properties of tension wood. Using immunocytochemistry, Joseleau et al. (2004) detected strong labelling in the G-layer using antibodies directed against syringyl-rich lignins. Similarly, the presence of small amounts of lignin in the G-layer of poplar trees was also observed with Raman microscopy (Gierlinger and Schwanninger 2006) . Finally, Lehringer et al. (2008) revealed the presence of aromatic compounds in the G-layers of oak, maple and beech tension wood using cellular UV microspectrometry and confocal Raman microscopy. However, information on monolignol transport during cell wall lignification is still lacking (Samuels et al. 2002) .
In the present study, the lignification of the S 1 and S 2 layers and the CML in relation to the G-layer deposition process were analysed in poplar tension wood using UV and TEM. The presence or absence of lignin in the G-layer was also examined with these two techniques.
Materials and methods

Plant material and sampling
Micropropagated shoots of poplar (Populus deltoides Marsh. × P. nigra L. cv. Ogy) were transferred to a greenhouse in 3 l pots and individually supplied with water and fertilizer using a drip system at INRA Orléans, France. Sampling was performed on three trees that had been tilted to induce tension wood formation. Tree 1 was a 2-year-old tree tilted by inclining the pot at (Figure 1c ). These three trees (Trees 1, 2 and 3) were selected from at least three trees per treatment; simple anatomic observation of transverse sections from all trees revealed no apparent differences between samples from the same treatment. The purpose of the three treatments was to assess lignin distribution and lignification pattern in different conditions of inclination.
Small blocks containing differentiating tension wood were collected from the basal part of the stem and fixed with 2% glutaraldehyde and 0.5% paraformaldehyde in citrate or Trisphosphate buffer, dehydrated through an ethanol series and embedded in epoxy resin or LR White resin.
Measurement of G-layer thickness
Transverse sections of 1 µm thickness were prepared from samples embedded in epoxy resin. The sections were stained with periodate-Schiff (PAS) and Azure B as follows. Sections were placed on silanized slides and stained with a 0.8% potassium periodate aqueous solution overnight at room temperature in a wet box, washed with water and stained with Schiff's reagent for 10 min at room temperature. Next, the sections were washed three times with 0.5% sodium bisulphite for 2 min and dried. The sections were then stained with a 1% Azure B aqueous solution for 3 min at 50 °C on a hot plate, washed with water, dried and mounted with Canada balsam. The average G-layer thickness was measured as described in Yoshinaga et al. (1997) with slight modifications. Outlines of G-layers, i.e., the boundaries between (i) the G-layer and the lignified secondary wall and (ii) the G-layer and the lumina, were traced onto tracing paper from enlarged photomicrographs of stained sections. Image data for the G-layers were acquired using an image scanner (ES-8000, Seiko Epson Corp., Suwa, Japan). The perimeters of the G-layer (Pg) and lumina (Pl) and the areas of the G-layers (Agl) were measured from the images using the image analysis software ImageJ (National Institutes of Health, Bethesda, MD, USA). Each G-layer region was regarded as a group of trapezoids ( Figure  2) , and the average G-layer thickness (GT) was calculated as the height of the trapezoids as follows:
Ultraviolet microscopy
Transverse sections of 1 µm thickness were prepared with a diamond knife from samples embedded in epoxy resin. The sections were placed on quartz slides, mounted with glycerine and then covered with quartz coverslips. Ultraviolet photomicrographs were taken on Neopan SS film (Fuji Film Corp., Tokyo, Japan) at a wavelength of 280 nm using a microscope spectrophotometer (UMSP-80, Carl Zeiss, Oberkochen, Germany). The bandwidth of the illuminating monochrometer was 15 nm. Image data from the film were stored on a film scanner (DiMAGE Scan Multi, Konica Minolta Holdings, Inc., Tokyo, Japan). The density due to ultraviolet light absorption was measured using ImageJ as the brightness from a profile of inverted images along a line across the lumen, G-layer, S 1 and S 2 layers, and CML of developing cells. The brightness of inverted images of UV photographs increases as the UV absorption of the cell wall increases, although the relationship between brightness and absorption may not be strictly proportional.
Transmission electron microscopy
Ultrathin transverse sections of ~0.1 µm thickness were cut with a diamond knife from samples embedded in LR White resin. The sections were placed on copper grids with or without formvar support film, stained with 1% KMnO 4 in 0.1% sodium citrate aqueous solution for 10 min at room temperature and then washed with distilled water. The stained sections were observed under a TEM (JEOL JEM-1220) at 100 keV. Photographs were taken on FG film (Fuji), and image data from the films were stored on a film scanner as described above. Brightness profiles of inverted images were also taken to evaluate changes in the degree of KMnO 4 staining in the CML, S 1 , S 2 and G-layers during the development of tension wood fibres.
Results
Changes in G-layer thickness
Light micrographs of the differentiating xylem of Trees 1 to 3 are shown in Figure 1 . Tree 1 contained both normal and tension wood (Figure 1a) , Tree 2 contained developing G-fibres from the pith to the cambial zone ( Figure 1b) and Tree 3 contained developing G-fibres from the annual ring boundary to the cambial zone (Figure 1c ). These photographs demonstrated that simple staining of transverse sections allows one to easily trace both G-layer formation and the lignification process. Light micrographs of developing ( Figure 3a ) and developed fibres (Figure 3b ) revealed a sharp increase in G-layer thickness during fibre differentiation. Figure 4 shows variations in the average G-layer thickness during its formation. This thickness was plotted against the distance of the analysed G-fibres from the cambial zone, according to its level of differentiation. The G-layer thickness (open circles in Figure 4 ) increased almost linearly from the cambial zone until ~500 µm in Trees 1 and 3, but only to 200 µm in Tree 2. Figure 5 shows a UV micrograph of a transverse section from Tree 3 of wood fibres with a developing G-layer (Figure 5a) , an inverted image of Figure 5a (Figure 5b ), a light micrograph from the same position in the serial section ( Figure 5c ) and a line profile of brightness across the white line indicated in Figure5b (Figure 5d ). It appears that there was almost no UV absorption in the G-layer.
Lignin in the G-layer
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Figure 2. Schematic drawings of measurement of the G-layer thickness. The G-layer area Agl (a) and the perimeters of the G-layer (Pg) and lumina (Pl) were determined using image analysis. The Agl was regarded as a group of trapezoids, with the average G-layer thickness (GT) being the height of each trapezoid (b). Therefore, GT = Agl/0.5 (Pg + Pl).
Gelatinous layer formation and lignification of the compound middle lamella
In Figure 4 , the brightness values of the CML (B in Figure 5d , solid squares in Figure 4 ) in inverted images of UV micrographs were plotted against the distance from the cambial zone to each fibre that was measured. We evaluated the variation in UV absorption of the CML from the increase in this brightness value. The increases in the brightness value during G-layer formation in Tree 1 (Figure 4a ), Tree 2 ( Figure 4b ) and Tree 3 (Figure 4c) were correlated with the G-layer thickness. This result clearly indicates that lignification of the CML does not end before the start of G-layer formation, and continues during G-layer deposition.
Gelatinous layer formation and lignification of the S 1 and S 2 layers
Although UV micrographs also revealed some degree of lignification within the S 1 and S 2 layers, it was difficult to distinguish the brightness of these layers using this technique (Figure 5d ). Therefore, we evaluated the lignification process in these layers using high-resolution TEM photographs of ultrathin sections stained with KMnO 4 . Although there is still some discussion about the specificity of this staining (Hoffmann and Parameswaran 1976) , this technique has been widely used for detecting lignin with electron microscopy (Hepler et al. 1970 , Kutscha and Schwarzmann 1975 , Saka et al. 1979 , Mauer and Fengel 1990 , Michalowicz et al. 1990 ). The mechanism of staining with KMnO 4 has been discussed in Bland et al. (1971) . The degree of staining was evaluated from TEM images as the brightness level using the same method as for UV microscopy. Figure 6 shows a transmission electron micrograph of developing G-fibres (S 2 layer formation stage) taken from differentiating xylem of Tree 3. At this stage, one can clearly observe lignin deposition starting at the cell corner middle lamella (arrows). The intensity of lignification of the CML and the S 1 and S 2 layers was further compared at four stages during tension wood differentiation: before G-layer formation (Figure 7a) , at an early stage of G-layer formation (Figure 7d) , at a later stage of G-layer formation (Figure 7g ) and after the completion of G-layer formation (Figure 7j ).
For each stage of differentiation, the initial TEM image (Figure 7a , d, g and j) was inverted (Figure 7b , e, h and k), and a brightness profile was created across the white line going across the cell walls of two adjacent G-fibres (Figure 7c , f, i and l). Prior to G-layer formation, the degree of staining of the CML and the S 1 and S 2 layers appeared lower than in the lumen, indicating a low degree of lignification of the cell wall 1132 Yoshinaga et al. layers at this stage (Figure 7a-c) . During the early stage of G-layer formation, the degree of staining of CML was still low, whereas it was slightly higher for the S 1 and S 2 layers (Figure 7d-f) . In a later stage of G-layer formation (Figure 7g-i) , the degree of staining of the CML was higher, and following completion of the G-layer formation (Figure 7j-l) , the degree of staining of the CML and S 1 and S 2 layers was sharply higher. This clearly indicates that the lignification of the S 1 and S 2 layers and the CML occurs during G-layer formation.
Discussion
Our observations made using UV microscopy and TEM showed that there is almost no lignin in G-layers. This result is not consistent with the observations of Joseleau et al. (2004) ; however, it is known that small amounts of syringyl-rich lignin are difficult to observe by UV microscopy due to its very low absorptivity. Moreover, Joseleau et al. (2004) used the clone Raspalje, a hybrid of Populus trichocarpa Torr. et Gr. × P. deltoides Marsh., which has a particularly high ability to produce tension wood patches beside normal wood, even when the plant has not been tilted for tension wood induction. In the present study, stems were artificially inclined at 30°, resulting in a strong induction of tension wood formation; under these conditions, our observations made using UV microscopy and TEM suggest that the G-layer lacks lignin. This absence of lignin in the G-layer may be linked to the potential absence of some arabinoxylans in this same G-layer, as evidenced by Decou et al. (2009) using immunolocalization with anti-arabinoxylan AX1 monoclonal antibodies. Recently, Kim and Daniel (2012) showed the presence of xylan in G-layers using LM11 monoclonal antibody; the labelling density was lower than S 1 and S 2 layers, suggesting that xylan content decreased in G-layers. Indeed, glucuronoxylans have been proposed to act as a host structure for lignin precursors (Reis and Vian 2004) . In addition, the distribution and Lignification in poplar tension wood 1133 activity of peroxidases and laccases, which are able to polymerize monolignols, as well as the distribution of hydrogen peroxide, deserve to be evaluated during tension wood formation in order to clarify why there is little to no lignin in the G-layer.
Our UV microscopy and TEM results clearly showed that lignification of the CML and the S 1 and S 2 layers occurs during G-layer formation. If we assume that monolignols are synthesized within individual cells and transported to the lignifying cell 1134 Yoshinaga et al. wall layers as proposed by Wardrop (1971) and Samuels et al. (2002) , our results suggest that monolignols must penetrate into and through the developing G-layer during lignification of the CML, S 1 and S 2 layers. Another possibility is that living ray parenchyma cells are involved in the lignification of neighbouring fibres, as hypothesized by Hosokawa et al. (2001) based on a study in Zinnia. Studies of the tissue-specific expression of enzymes related to lignin biosynthesis, such as caffeoyl coenzyme A O-methyltransferase (CCoAOMT) (Zhong et al. 2000) , cinnamyl alcohol dehydrogenase (CAD) (Feuillet et al. 1995) , phenylalanine ammonia-lyase (PAL) (Bevan et al. 1989 ), 4-coumarate:coenzyme A ligase (4CL) (Hauffe et al. 1991 ) and cinnamate 4-hydroxylase (C4H) (Franke et al. 2000) , have also suggested that ray parenchyma cells play some role in monolignol biosynthesis. Also, Barceló (2005) suggested a role for xylem parenchyma cells during lignification. From global analysis of transcripts and metabolites, Andersson-Gunnerås et al. (2006) clearly reported that a decline in monolignol biosynthesis occurred in the tension wood compared with normal wood. It is not clear if the decline in monolignol biosynthesis is due to a decreased activity in individual G-fibres and/or in ray parenchyma cells. We cannot rule out that two mechanisms (cell autonomous lignification and the possible involvement of ray parenchyma cells) act together or one after the other. To choose between these possibilities, we need to evaluate the presence and distribution of monolignols or/and monolignol glucosides in ray or parenchyma cells using Raman microscopy and matrixassisted laser-desorption ionization-time-of-flight mass spectrometry, as described in Morikawa et al. (2010) .
Conclusion
Our UV microscopy and TEM following KMnO 4 staining did not detect the presence of small amounts of lignin in the G-layer as suggested by Joseleau et al. (2004) . The sensitivity of our two methods may not be sufficient to detect very small amounts of syringyl-rich lignin, or there may not be any lignin in the G-layer, at least under our experimental conditions in which tree stems were strongly induced to form tension wood.
Ultraviolet microscopy and TEM of developing G-fibres in artificially inclined poplar trees clearly revealed that the lignification of the CML and S 1 and S 2 layers was not completed before G-layer deposition, and, in fact, this lignification continues during G-layer deposition. This implies the penetration of monolignols through developing non-lignified G-layers from the cell lumen in the case of cell-autonomous monolignol biosynthesis. Alternatively, this strengthens the possible role of living ray parenchyma cells in fibre lignification.
